Introduction
============

This paper reports the instantaneous conversion of microbubbles to soft nanoparticles and their subsequent re-imaging and therapeutic application by high intensity focused ultrasound (HIFU). Ultrasound equipment is found in nearly all hospitals in the US, and ultrasound imaging is highly versatile and possesses few if any side effects. However, ultrasound is limited in its ability to distinguish soft tissues due to small differences in acoustic impedance. Ultrasound contrast agents are often utilized to not only increase backscatter or nonlinear echoes but also to convert acoustic energy for poration-based therapy.[@B1]-[@B6] The most powerful ultrasound contrast agents are microbubbles, due to their high compressibility and acoustic impedance mismatch compared to the surrounding medium, and their ability to undergo nonlinear size oscillations near their inherent resonance frequencies.[@B1],[@B7] As a result, microbubbles can be detected using specialized pulse programs such as Cadence Contrast Pulse Sequencing (CPS) or Doppler.[@B8] The gas cores of the microbubbles are usually stabilized by a surfactant shell or polymer, several formulations of which have been approved by the FDA for vascular imaging.[@B9]-[@B11] Our group and others have shown that these microbubbles can be further modified for further diagnostic utility *in vivo* detection for disease targeting and biosensing.[@B12]-[@B20] An additional application of microbubbles is sensitization in applications of therapeutic high intensity focused ultrasound (HIFU). Contrast agents such as microbubbles and nanodroplets have been shown to increase efficacy in a variety of *in vitro*and *in vivo* applications including drug delivery, gene transfection, and cancer cell death.[@B5],[@B21]-[@B29]

A major limitation of microbubbles is their inability to leave the bloodstream due to their large size (1-5 µm diameter), which limits their utility to intravascular imaging.[@B10],[@B30],[@B31] Thus, nanoscale ultrasound contrast agents are sought for extravascular imaging owing to their ability to accumulate in tissue. Because particles of both large size and high compressibility are required to obtain sufficient ultrasound contrast for imaging, nanoscale ultrasound contrast is predicated on the ability of HIFU to provide sufficient energy to vaporize nanodroplets with a volatile core by a nucleation and growth mechanism.[@B22],[@B23],[@B32]-[@B34] We and others have shown this process to occur with droplets, silica nanoparticles, and polymer nanocups, and the resulting transient bubbles are visible by ultrasound imaging.[@B35]-[@B43] Similarly, if a microbubble could be converted into smaller, nanoscale particles, the resultant particles could then be expanded by HIFU to generate acoustic signal at locations that are impossible to reach with microbubbles. For example, Huynh et al. recently reported the generation of multimodal imaging particles after the destruction of porphyrin microbubbles using ultrasound to generate photoreactive nanoparticles.[@B44]-[@B46] Additionally, Crum and coworkers have reported on nuclei being present after microbubble destruction.[@B47],[@B48] However, to our knowledge, no one has reported on the ability of microbubble debris itself being able to nucleate and grow in a manner that can then be visualized by ultrasound imaging, nor provided a plausible hypothesis to its mechanism.

In this study, we report the discovery that nanoparticulate products from microbubble destruction (MBNPs) can themselves interact with HIFU to produce transient bubbles for both imaging and therapy. First, the presence of MBNPs was confirmed by both imaging and nanoparticle tracking analysis (NTA), and their formation was correlated to the original composition of the microbubbles. Next, the fate of the MBNPs after formation was probed by a series of acoustic detection experiments, which suggest that the acoustic contrast derives from a nucleation, coalescence, and collapse mechanism. Finally, this MBNP-based phenomenon was not only confirmed in biological media, but the MBNPs were used to detach tumors cells from culture *in vitro*. The reported findings not only improve understanding of the fate of microbubbles after imaging but also expand the scope of potential acoustic-based theranostic applications for microbubbles.

Results and Discussion
======================

The overall scheme of the conversion of microbubbles to soft nanoparticles and their subsequent re-imaging is shown in Figure [1](#F1){ref-type="fig"}A. Common microbubble formulations for ultrasound imaging contain a perfluorocarbon core, utilized for its colloidal stability, and an encapsulating shell composed of lipids and polymers. In this study, the lipid formulation was 9:1 DPPC:DPPA by mole, with 4 mol % DSPE-PEG-5k added to stabilize the bubbles and prevent coalescence.[@B12],[@B49] When exposed to low pressure acoustic pulses of 0.19 MI at 1.5 MHz (Sequoia Acuson 512, 4V1 transducer), microbubbles show excellent contrast in cadence contrast pulse sequencing (CPS) mode, which specifically highlights the nonlinear echoes generated by microbubbles[@B8] (note: Mechanical index, or MI, is defined as the peak negative pressure in MPa divided by the square root of the frequency in MHz). Exposing the microbubbles to higher acoustic pressures of 1.1 MI at 1.5 MHz converts them into a mixture of micelles, liposomes, nanobubbles, and nanodroplets, with a corresponding loss in contrast with respect to the background. This contrast was then restored through simultaneous imaging and orthogonal, repeated pulsing by HIFU (Figure [1](#F1){ref-type="fig"}B). The signal corresponds to that obtained through passive cavitation detection (PCD), which measures the shock waves from acoustic collapse without additional imaging pulses (Figure [S1](#SM1){ref-type="supplementary-material"}), such as those generated by a conventional ultrasound scanner. As with CPS imaging, PCD found no evidence of cavitation in suspensions containing liposomes and micelles (Figure [S2](#SM1){ref-type="supplementary-material"}), indicating that the restored contrast does not result from an interaction of the HIFU and conventional ultrasound waves, but rather from the nucleation, growth, and collapse resulting from HIFU itself. Prior to ultrasound imaging, brightfield microscopy images and subsequent analysis (MATLAB, Mathworks, Inc.) revealed that the synthesized microbubbles were of average size 1.67 µm with a mean concentration of 4.36x10[@B9] bubbles mL^-1^ (Figure [S3](#SM1){ref-type="supplementary-material"}, Table [S1](#SM1){ref-type="supplementary-material"}). Next, a suspension of 1x10[@B7] bubbles mL^-1^ labeled with the red dye DiI was subjected to CPS at 1.35 MPa, resulting in a suspension of nanoparticles with average size 164 nm and average concentration of 1.64x10[@B9] bubbles mL^-1^ as measured by Nanoparticle Tracking Analysis (NTA) in fluorescence mode (Figure [2](#F2){ref-type="fig"}A). The presence of fluorescence indicates that the embedded DiI is present in the MBNP suspension as transferred from the microbubbles. TEM confirmed the presence of objects in this size range comparison between the liposome solution and the destroyed bubble solution (Figure [S4](#SM1){ref-type="supplementary-material"}).

Next, the internal phase of the initial microbubble suspension was varied to characterize the internal phase of the acoustically active MBNPs. Microbubbles were formulated with PFB (T~b~^o^ = -2.1^o^C, p~sat~^o^ = 330.3 kPa), vaporized perfluoropentane (PFP, T~b~^o^ = 28^o^C, p~sat~^o^ = 83.99 kPa), or vaporized perfluorohexane (PFH, 56^o^C, p~sat~^o^ = 29.1 kPa). A separate sample was sonicated without fluorocarbon to form liposomes, which possessed a larger average diameter than the destroyed PFB bubbles (Figure [2](#F2){ref-type="fig"}A). Each formulation was diluted to approximately 3x10[@B6] bubbles mL^-1^ and subjected to the same imaging conditions with three different HIFU pulse energies. The resultant acoustic response varied with its saturation vapor pressure, indicating that gaseous bodies were primarily responsible for the generated acoustic contrast. A hypothesis is that once converted the encapsulated PFP and PFH will undergo condensation but the PFB will not. Thus, increasing the HIFU waveform pulse intensity from 415 W/cm^2^ to 1660 W/cm^2^ did not change acoustic response significantly for PFB (Figure [2](#F2){ref-type="fig"}B). However, PFP\'s boiling point is slightly greater than room temperature, so increasing the HIFU power caused a significant change in detected signal that matched that of PFB. Thus, some of the HIFU energy is likely required to first induce the vaporization of the liquid back to gas, followed by detection. In addition, the acoustic signal from destroyed PFP microbubbles increased by about 30-fold between 20^o^C and 40^o^C. Since 40^o^C is above the normal boiling point of PFP, this experiment indicates that the phase change from liquid to gas is critical for the re-imaging events (Figure [2](#F2){ref-type="fig"}C). An even greater HIFU intensity was required to vaporize the PFH MBNPs, indicating that as the saturation pressure of the core component decreases, a greater number of the destroyed microbubbles form nanodroplets as opposed to nanobubbles. This effect would decrease the overall concentration of the resultant "active" MBNPs, as condensed phases require a much greater amount of energy for vaporization. It was found that MBNPs derived from PFP and PFH exhibited enhanced stability as compared to those derived from PFB, but PFP and PFH MBNPs were still less stable than specifically synthesized PFP and PFH nanodroplets (Figure [S5](#SM1){ref-type="supplementary-material"}). While some stability appears to be imparted by the choice of fluorocarbon, the reduced stability as compared to nanodroplets may be due to partial lipid coverage on the MBNPs. The increased stability of PFP MBNPs allowed their isolation by centrifugation (Figure [S6](#SM1){ref-type="supplementary-material"}). To support the hypothesis that these MBNPs are at least partially composed of nanobubbles, this same procedure was conducted for air bubbles; while the bubbles showed detectable signal as compared to liposomes, the poor stability of air bubbles makes quantitative comparison with fluorocarbon bubbles difficult (Figure [S7](#SM1){ref-type="supplementary-material"}).

We next investigated the acoustic properties of the formed HIFU-active MBNPs. One hypothesis is that HIFU initiates a process of nucleation and fusion with other MBNPs, and together they grow and collapse, generating acoustic energy. Another is that there is a cascade effect where nucleation and/or growth of larger nanobubbles or nanodroplets and their subsequent collapse help provide the energy needed to vaporize the smaller, less responsive liquid nanoparticles. First, MBNPs were generated from a microbubble suspension by CPS, followed by a variable delay time prior to HIFU imaging. In this experiment, the MBNPs appear to exhibit meta-stability with a half-life of *ca.* 20 min (Figure [3](#F3){ref-type="fig"}A), which is consistent with a gas body at high Laplace pressure. To check whether the synthesis of these MBNPs were generated during formation of the microbubble solution, the bubbles were stored until several hours after synthesis, then destroyed; the response was consistent regardless of delay time (Figure [S8](#SM1){ref-type="supplementary-material"}). Next, the HIFU was administered in individual pulses to observe the lifetime of the acoustically-active species (Figure [3](#F3){ref-type="fig"}B). Each observed signal decayed over a period of *ca.* 500 ms, and the PCD waveforms (Figure [S2](#SM1){ref-type="supplementary-material"}) are on the order of *ca.* 70 µs, which is consistent with vapor nucleation and growth of a metastable bubble in aqueous media and its subsequent dissolution.[@B50] Dissolved oxygen and nitrogen did not appear to have an effect on this process (Figure [S9](#SM1){ref-type="supplementary-material"}), nor did the intensity of the converting CPS pulse (Figure [S10](#SM1){ref-type="supplementary-material"}). Next, the intensity of detected acoustic signal was found have a strongly nonlinear dependence on the starting microbubble concentration. That is, HIFU-derived acoustic signal from up to 1x10[@B6] microbubbles was almost undetectable, but starting from 1x10[@B6] microbubbles, the signal was close to saturation (Figure [3](#F3){ref-type="fig"}C). This effect was confirmed by PCD as well (Figure [S11](#SM1){ref-type="supplementary-material"}). The decrease in signal at high microbubble concentrations may be due to acoustic shadowing of the transducer. The minimum detectable concentration decreased at stronger HIFU acoustic energy (Figure [S12](#SM1){ref-type="supplementary-material"}), which is consistent with initiation of a pressure-induced phase transition. Finally, the same microbubble destruction and re-imaging process was conducted at different imaging frequencies (Figure [3](#F3){ref-type="fig"}D). Microbubbles display the greatest contrast at their resonance frequency, and the resonance frequency varies inversely with bubble diameter.[@B7] Because a Minnaert resonance frequency of 1.5 MHz corresponds to a diameter of \~4.2 µm for an unshelled bubble at ambient conditions, the acoustically active species must be significantly larger than the initial nanobubble.[@B51] Thus, the HIFU-mediated acoustic mechanism is likely due to a HIFU-induced phase transition that results in rapid bubble growth through nucleation and fusion of neighboring MBNPs, followed by cavitation.

Finally, we sought to determine how the acoustic properties of the formed MBNP\'s would translate to biomedical applications. First, a microbubble suspension was diluted into fetal bovine serum (FBS) at *ca.* 10 million bubbles mL^-1^, destroyed, and subjected to HIFU at 415 W/cm^2^. HIFU-induced re-imaging of MBNP\'s still occurs with no significant quenching of signal in FBS (Figure [4](#F4){ref-type="fig"}A). Interestingly, the re-imaging threshold of the MBNP\'s appeared to actually decrease with respect to applied HIFU intensity, initiating at 200 W/cm^2^ as compared to over 300 W/cm^2^for buffer (Figure [4](#F4){ref-type="fig"}B). One explanation for this phenomenon is that protein adhesion to the lipid monolayer lowers the barrier to bubble nucleation and growth due to formation of inhomogeneities in the shell. For example, in a separate study in our lab, we found that lateral lipid phase separation reduces the energy barrier to HIFU-induced vaporization of PFH nanodroplets.[@B52] Another possibility is that surfactant character of serum proteins are stabilizing the growing bubbles as they form. Similar results were obtained for imaging of particles in whole blood (Figure [S13](#SM1){ref-type="supplementary-material"}).

Due to the high energies typically associated with bubble nucleation and collapse, it seemed likely that this imaging modality may produce additional bioeffects similar to those observed upon acoustic stimulation of microbubbles or nanodroplets. In particular, the microjetting caused by bubble collapse can generate shock waves that may result in transient membrane pore formation, production of reactive oxygen species, and/or cell death.[@B2],[@B3],[@B53],[@B54] To determine if HIFU-sensitized MBNPs could produce similar effects, MDA-MB-231 human breast carcinoma cells were first grown on transparent plastic cell windows (Nunc Opticell). Next, the cells were exposed to CPS ultrasound to create the MBNPs, followed by different intensities of HIFU. After application of HIFU, the breast cancer cells were found to have detached from the culture chamber (Figure [4](#F4){ref-type="fig"}C). The cell density in the treated area was then quantified (Figure [4](#F4){ref-type="fig"}D). Tellingly, disruption of cell adhesion only occurred when HIFU intensity was sufficient to initiate nucleation/growth behavior of the MBNPs. To our knowledge, no such observations have been made about this re-imaging phenomenon regarding microbubbles and HIFU.

In conclusion, we have shown that after microbubbles are converted by conventional ultrasound imaging, the resultant particulate suspension can be re-activated through application of high intensity focused ultrasound. The MBNPs are transiently formed, and comparison of different bubble internal phases indicates that the acoustic activity of the MBNP\'s varies with fluorocarbon vapor pressure. HIFU activity appears to proceed through a nucleation and growth mechanism, with a strong dependence on initial microbubble concentration. Finally, the MBNPs were found to possess enhanced HIFU sensitivity in serum and could cause detachment of cells from their culture environment. Future work will focus on optimizing these MBNPs formulations for theranostic applications such as gene delivery.

Experimental Methods
====================

*Bubble Formation:* Tris buffered saline (TBS) was prepared to a concentration of 100 mM NaCl (Fisher Scientific) and 10 mM Tris base (Fisher Scientific) and adjusted to a pH of 7.5 with 6 M aqueous HCl (Fisher Scientific). A stock suspension of hydrated 9:1 by mole 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC):1,2-dipalmitoyl-sn-glycero-3-phosphate (DPPA) (Avanti Polar Lipids, Inc.) was prepared similar to a manner described previously.[@B13],[@B49] The stock lipid solution was diluted to 1 mg/mL concentration and DSPE-PEG5k (Avanti Polar Lipids, Inc.) was added to a concentration 0.3 mg/mL. The suspension was then mixed at 75^o^C for 20 minutes, after which it was cooled to 4^o^C. This lipid mixture was transferred to a 2 mL centrifuge tube, where the headspace was filled with gaseous PFB by bubbling it through the lipid solution. To form the microbubbles, the probe tip (1/4" diameter) of a probe sonicator (Branson SLPe) was positioned at the liquid gas interface in the tube. The solution was sonicated for 10 s at 70% amplitude while slowly moving the probe tip up as the microbubbles were formed to maintain contact with the interface, a method that we found maximizes yield. PFP bubbles were synthesized in a similar manner, but the PFP (Strem Chemicals) was first evaporated by taking \~0.5 mL in a 10 mL syringe, capping it, and then rapidly expanding the interior volume of the syringe. This same technique was also applied to PFH (Strem Chemicals), which was heated to 55^o^C immediately prior to sonication. PFP and PFH nanodroplets were synthesized with the same lipid and perfluorocarbon stocks, but using a procedure described in a different report. [@B55]

*Bubble Fractionation and Sizing:* Bubble fraction and sizing was done in a manner similar to previous communications.[@B12],[@B49] The bubble suspension was centrifuged at 300 rcf for 3 min, after which the subnatant was removed and replaced with TBS. This wash step was repeated but the bubbles were suspended to a volume of 0.6 mL. This suspension was taken into a 1 mL syringe and allowed to sit for at least 10 min to allow the foam and larger bubbles to float to the top. The bottom 0.5 mL was then transferred to a 4 mL glass vial and the headspace filled with the same gas as in the bubble core. Bubbles were imaged using brightfield images through a 40x objective on an upright AxioImager.A2 microscope (Zeiss). These images were then analyzed by an in-house MATLAB (Mathworks, Inc.) program that identified bubbles using a Hough transform analysis to identify circular objects in the image which allowed for the determination of the size distribution and approximate concentration of the bubble suspension.[@B12]

*Bubble Ultrasound Imaging and Destruction:*The bubbles were diluted to an approximate concentration of 10 million mL^-1^, unless otherwise specified, and transferred to the tip bulb of a plastic transfer pipette (Fisherbrand). A 4V1 (Siemens Acuson Sequoia) transducer was aligned to acquire horizontal cross-sectional images of the sample within the bulb; this transducer was connected to a Sequoia ultrasound medical imager (Siemens Acuson 512) operating at, unless otherwise specified, 1.5 MHz, in cadence contrast pulse sequencing mode, at an M.I. (mechanical index) of 0.19, and a gain of 18. To destroy the microbubbles, the same imaging conditions were used but at an M.I. of 1.1, and the sample was imaged at these conditions duration of at least 1 min, or until no bubbles were observable in the sample. At typical experimental concentrations, no bubbles return to the frame when leaving the sample unperturbed, indicating that the signal is not simply due to bubbles diffusing into the frame. To demonstrate activity in degassed solvents, the bubbles were diluted in degassed TBS before destruction. TBS was degassed by stirring at 90^o^C at reflux for 3 h. Microbubbles can also be destroyed by imaging them continuously at 0.19 M.I. of Sequoia ultrasound for approximately 10 min.

*PCD Setup and Validation:* The passive cavitation detection system was implemented by connecting a 20 MHz single element immersion transducer (Olympus Corp.) to a 5072PR Pulser/Receiver (Olympus Corp.) operating with +40dB gain in receive-only mode. The output was connected via a EF513 6.7 MHz high pass filter (ThorLabs, Inc.) to a Tektronix TDS2012C oscilloscope. The external trigger of the oscilloscope was connected to the previously described function generator. This setup was used in lieu of the Sequoia Acuson 512; the setup was otherwise the same (Figure [S1](#SM1){ref-type="supplementary-material"}). For each measurement, the data was saved from the oscilloscope and imported to Excel (Microsoft Corp.), where the voltage was squared and then integrated via a left Riemann sum approximation. The resulting value constituted a single measurement; three measurements of three independent samples were combined to give the mean value and standard deviation plotted in the text.

*MBNP Characterization:* The size distribution of MBNPs was determined using fluorescence mode on a Nanosight LM10 setup (Malvern). To make the initial fluorescently labeled MBNPs, first, the DPPC/DPPA stock described above was made with 1 mol% 1,1\'-dioctadecyl-3,3,3\',3\'-tetramethylindocarbocyanine perchlorate (DiI); the microbubbles were synthesized and destroyed in the usual manner. NTA was measured within 20 min of the microbubble destruction. The TEM images were taken using a CM100 (Phillips) microscope. TEM samples were prepared by first subjecting 100 million bubbles mL^-1^ suspension to destruction conditions using Sequoia ultrasound as described above, followed by staining with 2% uranyl acetate for 2 min on a carbon 200 mesh, copper TEM grid (Electron Microscopy Sciences) within 20 min of microbubble destruction. The excess uranyl acetate solution was wicked away, and the remaining film left to air dry. In order to isolate the MBNPs, a PFP bubble solution was diluted 5X and subjected to CPS pulses as described above, then centrifuged for 5 min at 1500 *g*. Based on the centrifugation equation, this treatment should sediment 200 nm particles with an internal density of \>1300 kg/m[@B3]. The supernatant was discarded and the pellet was carefully re-suspended to 1 mL by gently pipetting several times.

*MBNP Imaging:* Imaging of the MBNPs via simultaneous HIFU and CPS was performed in a manner similar to previous communications.[@B35],[@B36],[@B52],[@B55] A High Intensity Focused Ultrasound transducer (Sonic Concepts H101, 64.0 mm Active Diameter × 63.2 mm Radius of Curvature) equipped with a coupling cone (Sonic Concepts C101) was filled with degassed and deionized water, submerged in a water tank, and connected to a 30 MHz Function/Arbitrary Waveform Generator (Agilent Technologies) via an AG Series Amplifier (T&C Power Conversion, Inc.), the latter operating at 100% amplifier output throughout the study. The waveforms were measured, and the peak pressure and acoustic intensities of these HIFU pulses were calculated to be approx. 7.8 MPa via needle hydrophone calibration (Onda Corp.) in free field. The calibration curve corresponding number of applied cycles, or number of continuous waves, to an acoustic intensity can be found in Figure [S14](#SM1){ref-type="supplementary-material"}. The acoustic intensity is given in W/cm^2^ and the intensity for the duration of the pulse. The overall time-averaged acoustic intensity is actually much lower, since there is a pulse generated every 100 ms. Thus, there is about a 0.5% duty cycle.

In a typical experiment, MBNPs in the pipette tip bulb were positioned on top of the coupling cone to ensure proper HIFU focusing into the center of the sample. The appropriate Sequoia transducer, 4V1 for 1.5 and 2.5 MHz imaging and 15L8 for 7 MHz imaging, remained aligned perpendicular to the direction of focus of the ultrasound transducer. HIFU was applied with the following function generator settings: 1 Vpp, 1.1 MHz center frequency, 0.1 s pulse interval (burst period), and with 6 cycles (sine waves) corresponding to an intensity of 415 W/cm^2^for a single pulse of approximately 6 µs, unless otherwise specified. The recorded videos had a duration of 20 s for each sample. To create the bar graphs of arbitrary units (a.u.), a MATLAB program was used that parsed the videos into a series of images, for each of which the mean pixel brightness of the region of interest (ROI) was determined. The average brightness of each video in the ROI, minus the background, was then taken and plotted. For serum and blood studies, the 1x10[@B7] bubbles were diluted in fetal bovine serum (HyClone, GE Lifesciences) or bovine whole blood (Lampire, Inc.), respectively, to the desired concentration, destroyed as described above, and then imaged with HIFU. ANOVA, effect, and level tests were conducted for MBNPs and liposomes in TBS, serum, and blood (Figure [S15](#SM1){ref-type="supplementary-material"}). All statistical analyses were conducted with JMP Pro 12 (SAS Institute, Inc.).

*Cell Damage Studies:* A MDA-MB-231 breast carcinoma cell line was cultured in sterile DMEM (Fisher Scientific) with 10% serum and 0.5% penicillin. During passaging, approx. 200,000 cells were taken, diluted into 11 mL DMEM, injected into a Nunc Opticell (Nunc Corp.), and allowed to grow for 2 d. The cell media was removed and replaced with 11 mL of cell media containing either 100 million bubbles per mL or an approximately equivalent concentration of 0.1 mg per mL of sonicated lipid solution. The Opticell was then imaged at random spaces using 5x objective. The Opticell was exposed to high mechanical index ultrasound from the Sequoia, followed by random imaging. Finally, 2, 6, or 8 cycles of HIFU were applied to the Opticell at random areas and subsequently imaged using bright field. Cells were counted manually over a fixed area in the acquired images.
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![(A) Scheme for microbubble destruction and subsequent re-imaging using HIFU and CPS ultrasound. Microbubbles oscillate steadily during low pressure ultrasound pulses which provide a high level of contrast. At 1.35 MPa CPS, represented by the darker dashed lines, the microbubbles are converted into a mixture of nanobubbles and nanodroplets, which can be imaged by applying HIFU. (B) Schematic of the experimental setup. The sample is positioned so that it can be simultaneously exposed to orthogonal pulses of CPS and HIFU to generate contrast from the MBNPs.](thnov07p0694g001){#F1}

![(A) Size histogram of CPS-treated PFB MBNPs and liposome suspension as measured by NTA. Inset: representative TEM image of destroyed microbubble suspension with uranyl acetate staining; white arrows indicate examples of MBNP\'s, and the scale bar is 100 nm. (B) HIFU-induced acoustic response of microbubble suspensions with varying core compositions at 20^o^C. (C) HIFU-induced acoustic response of destroyed PFP MBNPs suspension at 20^o^C and 40^o^C at 415 W/cm^2^ HIFU.](thnov07p0694g002){#F2}

![(A) HIFU-induced acoustic response of destroyed microbubble solution for varying time after the initial CPS pulse. (B) HIFU-induced acoustic response after single HIFU pulses (gray lines) at 415 W/cm^2^. (C) HIFU-induced acoustic response as function of starting microbubble concentration. Top: representative still images at each concentration. (D) HIFU-induced acoustic response as function of imaging conditions. \* Indicates that imaging was done at 1.90 M.I. instead. All error bars denote one standard deviation from three independent microbubble samples.](thnov07p0694g003){#F3}

![(A) Comparison of HIFU-induced acoustic signal of MBNPs to liposomes in TBS and FBS. (B) HIFU-induced acoustic signal of PFB MBNPs as function of starting microbubble concentration in both buffer and FBS. (C) Representative images of MDA-MB-231 cells after specified HIFU treatment. (D) Quantification of the cell density based on bright field images taken. All error bars denote one standard deviation from five replications.](thnov07p0694g004){#F4}

[^1]: Competing Interests: The authors have declared that no competing interest exists.
